Abstract: This work is an experimental investigation of the ability of a real three-link direct-drive arm to track model-based minimum-time trajectories that have been found off-line. Sufficiently large velocity gains in the computed torque control law were not achievable with the velocity sensors described herein. This indicates the critical importance of the velocity sensing when attempting to track trajectories that push the envelope of the system's torque capabilities.
Introduction 2. Problem Statement
Most experimental minimum-time trajectory tracking work for robotic arms has been for highly geared arms. (See, for example: [41, [8] , [6] , and [2] . This is by no means a comprehensive list.) This work, on the other hand, focuses on experimental minimum-time trajectory tracking of a real directdrive robotic arm with a lkHz sampling rate, 2048-count encoders, analog tachometers, and motors driven by PWM (pulse-width-modulated) amplifiers. With such a system, to obtain a velocity measurement for feedback control, one must rely upon either the noisy tachometer signals or a numerical differentiation of the encoders. In the latter case, the velocity signal can be updated only after several sampling periods have passed (to enable division of the discrete joint-angle change by the number of sample periods passed). Such a differentiation signal is not only delayed by the number of sampling periods passed but is also only accurate to one part out of the total number of sample periods passed since the last update. (See [3] for a much more detailed discussion of this issue.)
Previous known work involving direct-drive arms includes the work of [7] and [5] who included linear and nonlinear, respectively, actuator electromechanical dynamics of the motors into their models to improve tracking. 
Experimental Results and Discussion
Due to inadequate sensors, the system was not able to track a minimum-time trajectory that was based upon the actual torque bounds. Instead, we had to reduce these torque bounds to about 1/4 of the actual bounds in order for the arm to be able to track the associated trajectory. In the actual system, using either noisy tachometer signals that were additionally corrupted by the PWM (pulse-width-modulated) amplifiers that drive the motors or the numerically differentiated encoder signals, increasing the velocity gains beyond quite small values in the computed torque control law [ 11 caused severe (and acoustically loud) chattering of the motor torque signal between its upper and lower bounds.
Off-line simulations reveal that about 1/4 max-torque trajectories were the fastest that could be tracked with the achievable velocity gains. So, in this respect, simulation and experiment matched well. Also, turning up the velocity gains in the simulations also resulted in severe torque chattering and lack of tracking ability when simulating the bad velocity signals (either the delayed/erroneous encoderdifferentiation or the noisy tach). Coloumb friction torques at the joints were experimentally estimated to be 19%, 11%, and 776, respectively, of the torques available at the three joints. These disturbances were included in the above mentioned closed loop simulations. A 19% unmodeled disturbance torque can be expected in any real system. Such disturbances must be rejected by feedback control. Simulations indicate that with an improved velocity measurement (e.g., from an 8MHz encoder-sampling board), minimum-time trajectories based upon 70% (at least) of the difference of the maximum torque and the friction torque can be tracked and that the amount the closed loop torque will exceed the off-line (modelbased) torque will be essentially the value of the friction disturbance, and nothing more. Simulations indicated that with an 8MHz encoder-sampling board, the actual three-link arm can track such minimumtime trajectories with the same type of closed loop torque histories. (Note: such a board replaces the tachometers.) (See [3] for the associated detailed set of simulations.)
The off-line trajectory for 
Conclusion
This work presented an investigation into the ability of a real three-link planar direct-drive robotic arm to track model-based minimum-time trajectories. The investigation revealed that the real system could only track trajectories based upon about 114 of the actual maximum torque available at the joints. This was attributed to noisy velocity signals which limited the achievable velocity gains. This demonstrated that a "missing link" for tracking near-full-torque minimum-time trajectories on a direct-drive arm is a clean velocity signal. Simulations indicate that an 8MHz encoder-sampling board would provide a velocity signal that would allow for the required velocity gains. Future work will be to experimentally verify these simulations with the 8MHz encodersampling board. 
